Physicochemical properties affecting cellular uptake of carbon nanotubes
Carbon nanotubes (CNTs) [1] are molecular-scale tubes of graphite carbon with unique properties including extreme strength and unique electrochemical and other physical characteristics [2] . These properties account for the considerable scientific and industrial interest, as evidenced by the substantial number of original publications on nanotubes reported annually. CNTs are either single-wall CNTs (SWCNTs) consisting of a single graphite lattice rolled into a perfect cylinder or multiwall CNTs (MWCNTs) made up of several concentric cylindrical graphite shells. In the last 10 years, several groups have shown that SWCNTs and MWCNTs can be used as efficient carriers for the delivery of therapeutic and diagnostic small and large molecules inside cells [3] [4] [5] . However, in recent years, conflicting data have been reported concerning safety and biocompatibility of these nanotubes [6] . Additionally, the exact mechanism of cellular binding and internalization continues to raise significant debate. There are several reasons for this continuing controversy, chief among which is the lack of characterization of the nanotubes in terms of length and presence of impurities, both intrinsic (e.g., vacancies and charged defects) and extrinsic (e.g., catalyst residue). Some inconsistencies also seem to arise due to differences in experimental protocol, for example the dispersant used to solubilize the nanotubes, type of functionalization, concentration, duration of exposure, method of exposure and the varied in vitro cell assay systems used. Additionally, the lack of standard operating procedures and a centralized toxicity database limit comparison between research results. Another issue affecting the use of functionalized nanotubes for biomedical application is that charge has to be controlled and understood to enable predictable interactions with the biological environment.
In 2003-2006 different groups reported seemingly contradictory data on the internalization mechanisms involved. Pantarotto et al. suggested nanotube uptake by living cells through an energy-independent nonendocytotic pathway that involves insertion and diffusion of nanotubes across cell membranes [7] . A year later, Cherukuri et al. reported active ingestion of the nanotubes by macrophages [8] . An extensive review of the mechanism regulating the cellular internalization of the nanotubes and their cargos was published in 2006 by Shi Kam et al. who reported clathrin-dependent receptor-mediated endocytosis (RME) [9] . These initial reports highlighted the need for alternative approaches for the investigation of the mechanisms involved in the cellular uptake of nanotubes.
Considerable insight into these mechanisms has been obtained in recent years by the use of techniques that have enabled in vitro and in vivo tracking of CNTs. Traditionally, the Carbon nanotubes (CNTs) are widely used for biomedical applications as intracellular transporters of biomolecules owing to their ability to cross cell membranes. In this article, we survey the reported literature and results of our published work in an attempt to provide a rational view of the various CNT internalization mechanisms. Essentially three uptake mechanisms (phagocytosis, diffusion and endocytosis) have been reported in literature. In addressing the subject of cellular internalization of CNTs, the unique physicochemical characteristics of CNTs that influence and drive the cell uptake pathway are considered. According to available evidence, the degree of dispersion, the formation of supramolecular complexes and the nanotube length are crucial factors in determining the exact mechanism of cellular uptake. In conclusion, phagocytosis appears to be the internalization pathway for CNT aggregates, bundles, cluster or single dispersed nanotubes 1 µm or more in length; endocytosis is the internalization mechanism for nanotubes forming supramolecular structures; and diffusion is the internalization mechanism for submicron CNTs that do not form supramolecular complexes. This information may be relevant to the rational design of CNT-based carriers for cell therapy.
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Nanomedicine (2010) 5(1) 2 future science group Review Raffa, Ciofani, Vittorio, Riggio & Cuschieri most popular methods for imaging CNTs have included electron microscopy techniques, (e.g., transmission-electron microscopy [TEM] and scanning-electron microscopy) [10, 11] and confocal microscopy of nanotubes complexed with fluorescently labeled polymers, quantum dots or silver iodide filling of the nanotubes [12] .
The unique properties of the CNTs have only recently been exploited in a variety of molecular imaging applications: Fe-doped or Gd 3+ -functionalized nanotubes can be detected by MRI and semiconductor nanotubes are readily detected by near-infrared fluorescence. Radionuclide-based imaging (PET and SPECT) have been used to study the biodistribution of radiolabeled nanotubes and Raman spectroscopy and photo-acoustic tomography for CNT imaging in vivo [13] .
In this article, the authors have attempted to address the reported conflicting data published since 2003 on cellular uptake of CNTs by scrutinizing the parameters that are likely to influence the cellular internalization process. This analysis of the state-of-the-art highlights that there are three crucial parameters which determine nanotubes interactions with cells: the degree of dispersion (presence of bundles, nanotube clusters or single dispersed CNTs); the formation of supramolecular complexes (complexation with proteins and nucleic acids or adsorption of proteins from extracellular matrix); and nanotube length.
Other parameters, such as nanotube diameter, chirality and number of layers, seem to play a lesser role in the internalization process. In essence, these three parameters affect the mechanism of nanotube internalization as outlined in the following sections.
strategies for preparation of water soluble nanotubes: p-p interactions
The solubility of CNTs in aqueous solvents is essential for biological interactions and biocompatibility; hence, CNT composites for biomedical applications must be rendered water soluble.
Pristine (as-prepared) CNTs aggregate in bundles because of the hydrophobic character of the graphene sidewalls, coupled with the strong P-P interactions between the individual tubes. The crucial role of the CNT dispersion state as a defining factor influencing the cellular uptake of CNTs has often been ignored. Given a constant dosage, differences in dispersion ranging from macroscopic aggregates to micrometer bundles or individually dispersed nanotubes will dramatically affect the absolute size and, hence, the internalization mechanisms.
The most commonly used methods for dispersion (essential for biomedical use) are: surfactant-assisted dispersion, functionalization of CNT sidewalls and biomolecular dispersion (Figure 1) [14, 15] . Irrespective of the nature of the dispersion the 'dissolution' process is improved by prolonged sonication, as this provides the mechanical energy necessary to overcome the inter-tube van der Waals forces, resulting in disaggregation into individual CNTs [16] . Another effect of the sonication is reduction of nanotube length by cleavage of CNTs at defective sites.
A variety of anionic, cationic, zwitterionic and nonionic surfactants can be used for CNT dispersion. Dispersion by nonionic surfactants is a function of the hydrophobic alkyl chain length of the surfactant [17] . The high-molecular-weight surfactants and polymers increase the solubility of CNTs through steric stabilization by adsorbed surfactant/polymer on to the walls of the CNTs, thereby impeding aggregation. For ionic surfactant dispersion, Vaisman et al. [18] determined that the controlling factor is the charge of the head group, rather than the hydrophobic alkyl chain length. As the charge (z-potential) increases, the dispersion is stabilized through increased electrostatic repulsion. Some unresolved issues of surfactant-based dispersion include the relatively low levels of solubility and stability of the dispersion.
Various modifications to CNT sidewalls have been made to improve solubility and dispersion in polar solvents by introducing polar functional groups on the CNT surfaces. Covalent functionalizations have employed two general strategies. The first is carboxylation and the subsequent amidation/esterification reactions at the oxidatively introduced carboxyl groups at the defect sites. The second concerns addition reactions. These basically provide a nonselective approach (generally thermal activated, but sometimes plasma or photochemical activated) of CNT sidewalls by highly reactive species such as atoms, radicals, carbenes or nitrenes. Covalent sidewall functionalization is expected to produce the most stable dispersion based on the density of the bound functional groups. The use of biomolecules to disperse CNTs in solution has been described in several reports. CNTs can interact with many biomolecules without forming covalent conjugates. Proteins are an important class of substrates having high affinity with the graphitic network of CNTs. They tend to adsorb strongly on the exterior of nanotube walls presumably via interactions between the graphitic surface and the hydrophobic domains of the biomolecule or even by means of charge-transfer interactions [19, 20] . Similarly, Physicochemical properties affecting cellular uptake of carbon nanotubes Review monoclonal antibodies are known to bind specifically to the surface of nanotubes [21] . Both covalent and noncovalent interactions between DNA and CNTs have been reported. The electrostatic repulsion of the negatively charged phosphate backbone of the DNA, gives rise to a stable CNT dispersion. In the noncovalent approach DNA-CNT conjugates are obtained by sonication with pristine CNTs [9] or cationic CNTs, which are able to condense DNA, for example ammonium-functionalized CNTs (CNT-NH3 + ), lysine-functionalized CNTs (CNTLys-NH3 + ) [22] , polyethylenimine-graft MWCNTs (PEIgMWCNTs) [23] . In covalent approaches, CNTs are bound to DNA via amide linkages [24, 25] .
The internalization mechanisms reported in literature: phagocytosis, diffusion & endocytosis n Phagocytosis
In the experiments reported by Porter et al. [11] , SWCNTs were dispersed in tetrahydrofuran by ultrasonication and mixed in the cell culture medium. No dispersing reagent (e.g., surfactant) was used to break up the as-prepared nanotube bundles. These authors observed cellular uptake of SWCNTs by electron microscopy. After 4 days exposure to human monocyte-derived macrophages, the majority of SWCNTs were located within phagosomes and lysosomes of healthy cells, suggesting uptake by phagocytosis. Cherukuri et al. reported that macrophage cells can actively ingest significant quantities of 1 µm long SWCNTs [8] .
n Diffusion We have previously demonstrated that Pluronic ® F127-coated MWCNTs are internalized by an energy-independent pathway [26] . Pluronic F127 is an amphiphilic block copolymer and its brushlike configuration presents a repellent surface to proteins. Hence, energy-dependent uptake mechanisms such as endocytosis were not involved in these experiments. Endocytosis is a recognized general entry mechanism for various extracellular materials and is an energy-dependent process. It is depressed by low temperature incubations or in ATP-depleted environments [27] . In our experiments, no difference in penetration capacity was observed between 37 and 4°C and following treatment of the cells with a metabolic inhibitor, sodium azide (NaN 3 ). Our investigations also demonstrate that nanotube length clearly influences uptake and shorter (sub-1 µm) MWCNTs are readily internalized by cells. Short nanotubes (i.e., hundreds of nanometers in length) can act as tiny straight 'nano-needles' able to penetrate the cell membrane more efficiently than longer nanotubes (i.e., >1 µm length), which are often arranged in a 'ball' or bundled shape.
Our findings are also consistent with data reported by Kostarelos et al. [28] who studied the interaction between a wide variety of functionalized CNTs (f-CNTs) and living cells. SWCNTs and MWCNTs (300-1000 nm in length) were covalently functionalized with various types of small molecules: ammonium-functionalized CNTs, acetamido-functionalized CNTs, fluorescein isothiocyanate (FITC)-functionalized CNTs, CNTs bifunctionalized with ammonium groups and FITC, CNTs bifunctionalized with methotrexate and FITC, CNTs bifunctionalized with amphotericin B and FITC, and CNTs bifunctionalized with ammonium groups and FITC. The results reported by these authors indicate that cellular internalization of CNTs is shared by a wide range of cell types, some of which exhibit deficient phagocytosis (fibroblasts) or lack the machinery for endocytosis (fungi, yeast and bacteria), and even under conditions that prevent uptake of extracellular material by energy-dependent mechanisms, including endocytosis.
Similar results were reported by Pantarotto et al. who tested FITC-labeled SWCNTs and peptide-SWCNT conjugates (a small peptide corresponds to the amino acid sequence 384-394 of the Gs protein) [7] . The nanotube length in this study was in the range of 300 to 1000 nm. [29] . The SWCNTs used were short (tens to hundreds of nanometers) individual tubes (1.5 nm in diameter) or small bundles (up to 5 nm in diameter). The proteins investigated included streptavidin, staphylococcal protein A, bovine serum albumin and cytochrome c. Intracellular protein transport and uptake via nanotube carriage are also generic for various adherent and non-adherent mammalian cell lines, including HeLa, NIH-3T3 fibroblast, HL60 and Jurkats cells. In another study the group investigated the endocytosis pathway [11] , which encompasses several subcategories, including phagocytosis, pinocytosis, and clathrin-dependent receptor-mediated and clathrin-independent endocytosis [14] . RME, which is the most common pathway, is also called clathrin-dependent endocytosis. These authors investigated the intracellular transport of protein-SWCNT and DNA-SWCNT conjugates as individual nanotubes (50-200 nm) and small bundles with lengths of less than 1 µm. Cellular incubation with these SWCNT conjugates was carried out at 4-8°C and with cells pretreated with NaN 3 but the fluorescence levels from cells observed with confocal microscopy were low. This indicates endocytosis as the internalization mechanism for the uptake of SWCNT conjugates. The pretreatment of the cells with either sucrose (hypertonic treatment) or a K + -depleted medium drastically reduced the level of cellular uptake of SWCNTs, confirming the involvement of the clathrin pathway for endocytotic cellular uptake of SWCNTs (RME). Additionally, folate (FA)-SWCNT conjugates were internalized selectively by FA-overexpressing tumor cells by RME.
Jin et al. also confirmed that RME is the internalization mechanism of single dispersed DNAwrapped SWCNTs of less than 1 µm in length [30] . Interestingly, these authors investigated the relation between the endocytosis rate and SWCNT size. It is well established that particle size is a crucial parameter in determining its interactions with cells [31] . Particles smaller than 70 nm are efficient in harnessing the endocytotic machinery of the cell, and the optimal particle radius is 25 nm both experimentally [32] and theoretically [33] . All existing models predict a threshold radius (r* ~25 nm), below which nanoparticle uptake by RME is impossible. For nanoparticles of tubular shape, one needs to consider the effective radius. An effective radius of 25-70 nm corresponds to a nanotube length l* of 280-900 nm for SWCNTs and 120-600 nm for MWCNTs (r* = a/ln(2a/b) with a and b major and minor semiaxes). The experimental data of Jin et al. demonstrated that the highest uptake occurs with nanotubes 320 ± 30 nm in length and decreases with longer (660 ± 40 nm) and shorter (130 ± 18 nm) nanotubes. To explain why SWCNTs shorter than 280 nm can be endocytosed in this manner, the authors proposed a model based on the clustering of the nanotube on the external cellular membrane. In this model, nanotubes first adsorb reversibly to the plasma membrane and form receptor-bound complexes capable of membrane surface diffusion. This process invariably causes clusters of sufficient size to lower the otherwise prohibitive thermodynamic barrier. The quantitative model proposed to correlate endocytosis rate with SWCNT size is in good agreement with the aforementioned experimental data.
Endocytotic uptake of the whole CNT-ssDNA complexes was also reported by Heller et al. who used ssDNA to achieve the solubilization of the CNTs in aqueous solutions. The authors demonstrated an endocytosis-dependent internalization with peri-nuclear localization [34] . RME is generally invoked as the internalization mechanism for CNTs functionalized with specific cell ligands. Bhirde et al. demonstrated that SWCNTs (110 ± 50 nm in length) functionalized with cisplatin and EGF can selectively and efficiently target squamous cancer cells that overexpress the EGF receptor as demonstrated by studies performed in vitro and on living mice. EGF receptor-targeted bioconjugates were much more efficient at killing cancer cells than untargeted controls containing the same drug, suggesting a major ligand receptormediated endocytosis pathway for cellular uptake both in vitro and in vivo [35] . Similarly, nanotube uptake via endocytosis has also been reported for SWCNTs functionalized with three different agents (doxorubicin, a monoclonal antibody and fluorescein) [36] , for SWNTs functionalized with a FA moiety (selective internalization by cells labeled with FA receptor tumor markers) [37] and for SWCNTs functionalized with an integrin a v b 3 monoclonal antibody [38] .
Finally the spectroscopic studies of Becker et al. have confirmed the importance of length on the cellular uptake of CNT-ssDNA complexes [39] . Their results indicated a length-selective cell uptake of nanotubes. Although length-dependent cellular uptake seems to be a general phenomenon, the exact threshold is expected to vary with cell Physicochemical properties affecting cellular uptake of carbon nanotubes Review type and the nature of the direct physical forces that govern attraction of the complexes to cells and which in turn influence the uptake process.
A unified explanation
The discrepancy in uptake mechanisms can be clarified by careful scrutiny of the physicochemical properties of the CNT complexes (Table 1) .
It is known that phagocytosis is a process of engulfment by which macrophages ingest cellular fragments or microparticles. Above several hundred nanometers, the primary immune system (phagocytic cells and associated machinery) is primarily involved in clearance of these foreign particles. Phagocytosis is thus evoked as the main internalization pathway for CNT aggregates that are several micrometers in size [11] and for single dispersed CNT with a length of 1 µm or more (Figure 2a1 & b2) [8].
Strong endocytosis-dependent cellular internalization is involved when the CNTs form supramolecular complexes. This occurs when the CNT complexes (covalently or otherwise) proteins, oligonucleotides [9, 29, 30, 34] and specific cell ligands [37] , including growth factors [35] and monoclonal antibodies [36, 38] . In addition, more hydrophobic nanotubes should exhibit a similar behavior owing to the adsorption of extracellular proteins to the surfaces of nanotubes [40] .
When protein adsorption occurs, the resultant outer protein coating becomes the most important parameter in determining the nanotube-cell interaction. Specifically, RME has been identified as the endocytosis pathway [9, 30] . Theoretical and experimental studies have demonstrated that there is a size cutoff above which particles are unable to use this endocytotic route (70 nm for spherical particle, corresponding to 900 and 600 nm for SWCNTs and MWCNTs, respectively). However, the exact threshold is expected to vary with cell type and the physical forces that attract complexes to cells. These observations can be explained by noting that RME is mediated by the tri-skeletal membrane protein clathrin that when activated, forms cage-like capsules that engulf the particle (or other foreign body) and draw it inside the cell, first to the primary endosomal cavity, and then to different locations depending on the nature of the particle. The molecular structure of clathrin is such that there is a natural size limit (~150 nm) for these cages, and thereby a size cutoff above which particles are unable to use this endocytotic route. In support of this, it has been observed that only single dispersed sub-micron nanotubes are internalized via RME (Figure 2C1 ). However, experimental data contradict the theory predicting a minimal length below which the uptake SWCNTBundles >1 µm Phagocytosis [11] SWCNT Pluronic ® F108:CNT Single dispersed >1 µm Phagocytosis [8] MWCNT Pluronic F127:CNT Single dispersed <1 µm Diffusion [14] SWCNT MWCNT NH 3 + -CNT, NHCOCH 3 -CNT, FITC-CNT, NH 3 + -CNT-FITC, FITC-CNT-MTX, AmB-CNT-FITC, NH 2 -CNT-FITC Single dispersed <1 µm Diffusion [15] SWCNT FITC-CNT, peptide-CNT Single dispersed 0.3-10 µm Diffusion
SWCNT SA-CNT, SpA-CNT, BSA-CNT, cytc-CNT Single dispersed/ bundles 0.01-0.1 µm/<5 nm Endocytosis [29] SWCNT DNA:CNT, BSA:CNT, SA:CNT Single dispersed/ bundles 0.05-0.2 µm)/<1 µm RME [9] SWCNT DNA:CNT Single dispersed <1 µm RME [30] SWCNT ssDNA:CNT Single dispersed -endocytosis [34] SWCNT EGF-CNT-cisplatinum Single dispersed 110 ± 50 nm RME [35] SWCNT DOX:CNT-BSA-(fluorescein, monoclonal antibody) Single dispersed/ bundles 0.2-1 µm/<4 nm RME [36] SWCNT CNTs:DNA-Cy3 CNTs:PL-PEG--FA PL-PEG-FA:CNT:PL-PEG-FITC Single dispersed/ bundles 0.2-1 µm/<4 nm RME [37] SWCNT CNT-PEG-SpA:avb3-FITC Single dispersed 0.5-1 µm RME [38] Figure 2C2 ) [30] .
*Noncovalent functionalization (:), covalent functionalization (-
The internalization of supramolecular complexes via RME is well established and demonstrated for supramolecular complexes formed between biological macromolecules and other nanoparticles, such as liposome-oligodeoxynucleotide, polymer-DNA, cation lipid-DNA [41] , polymeric core-shell architectures [42] .
Diffusion mechanisms are invoked for functionalized nanotubes, which prevent protein adsorption and the formation of supramolecular complexes. The internalization process entails insertion and diffusion of nanotubes across cell membranes (Figure 2b1 ) but the exact mechanism of this process remains unclear. Pantarotto et al. [7] suggest that CNTs may behave like cell penetrating peptides and related synthetic oligomers [43] . The penetration of the nanotubes through the plasma membrane akin to a 'nano-syringe' has also been theoretically demonstrated [44] . Molecular dynamics simulations demonstrate that a generic hydrophobic nanotube with hydrophilic functionality at its terminals spontaneously inserts into, aligns and carries molecules across the cell membrane by a lipid-assisted mechanism. This simulation suggests that the uptake of the nanotube could be the result of amphipathic properties of both the cellular membrane and f-CNTs. It has also been Physicochemical properties affecting cellular uptake of carbon nanotubes Review reported that the CNT length influences the penetration capability: shorter nanotubes (i.e., hundreds of nanometers in length) are able to enter cell membrane acting as tiny needles [26] more efficiently than longer nanotubes (i.e., several micrometers in length), which are arranged in a bundled configuration. It is important to note that the hypothesis of diffusion process is supported by direct imaging [11, 45] . Specifically Cheng et al. applied a combination of advanced microscopy techniques to image carbon nanoparticles within cells [45] . They used energyfiltered TEM, high angle annular dark field scanning TEM, tomography and confocal microscopy to generate 3D images enabling determination of nanoparticle spatial distribution in a cell. Some SWCNTs and MWCNTs were observed translocating the plasma, lysosomal and nuclear membranes supporting the nano-needle hypothesis.
Future perspective
This article has sought to explain the entry mechanisms that govern the cellular internalization of CNTs and their cargos. These are influenced by a few parameters, which are summarized in Figure 2 & Table 2 . This schema should be useful to nano-scientists interested in 'design criteria' for the development of CNT-based carrier systems for cell therapy.
However, future research is required to fill the many gaps in our knowledge of the cellular internalization mechanisms of CNTs. Currently, several fundamental issues remain unresolved at the biomolecular level, especially with regard to internalization pathways and intracellular traffic. An ideal approach would combine molecular biology assays with nanometer scale imaging to elucidate the detailed physiological mechanisms and structural effects of CNT internalization. Full understanding of these issues will enable the rational design of CNT-based nano-pharmaceuticals in the near future. The appropriate cell internalization pathway selected will depend on the medical application (e.g., drug delivery, cancer therapy and gene therapy) and on the exact intracellular target (e.g., cytoplasm and nucleus). 
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executive summary
Carbon nanotubes (CNTs) can be used as excellent intracellular transporters for drug delivery provided they are made water soluble by dispersion, since this is essential for biocompatibility. The main methods for CNT dispersion are: surfactant-assisted dispersion, functionalization of CNT sidewalls and biomolecular dispersion. Understanding the internalization mechanisms is crucial for pharmaceutical application of CNTs. There are three crucial parameters influencing CNT interactions with cells: -The degree of dispersion -depending on the dispersion process the nanotubes can be in the form of bundles, clusters or single dispersed CNTs. -The formation of supramolecular complexes -this occurs when the nanotubes are functionalized with proteins and nucleic acids or when the polymer coating leads to the adsorption of proteins from extracellular matrix. -Nanotube length. The internalization process can occur by phagocytsis, endocytocis or diffusion. Phagocytosis is the internalization pathway for CNT aggregates, bundles, cluster or single dispersed nanotubes that are 1 µm or more in length. Endocytosis is the internalization mechanism for nanotubes that form supramolecular structures. Otherwise, the internalization mechanism is by diffusion. C1 RME Supramolecular complex, r>r* [7, 26, 27, 31, 32, 33] C2 RME Supramolecular complex, r<r* [27] CNT: Carbon nanotube; RME: Receptor-mediated endocytosis.
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